Malignancy involving the pleura is the third leading cause of pleural effusions, with an annual incidence of Ͼ 150,000 cases in the United States (1, 2). Adenocarcinomas account for ‫ف‬ 70% of all malignant pleural effusions (MPEs), with lung adenocarcinomas being the most frequent underlying malignancy (3). The appearance of a MPE is an ominous prognostic sign for patients with cancer, because the presence of the MPE indicates that the tumor is incurable by surgery and life expectancy is short (1). In addition, the presence of the pleural effusion can cause dyspnea that severely compromises the quality of the patient's life (4, 5). Pleurodesis, the iatrogenic induction of pleural fibrosis to obliterate the pleural cavity, is commonly used to prevent symptomatic re-accumulation of pleural effusions; however, this therapy is often ineffective and is associated with significant It is generally believed that disruption of the endothelialmesothelial barrier, increased capillary permeability, tumorinduced angiogenesis, and lymphatic obstruction are responsible for the exudation of increased amounts of fluid into the pleural cavity (1, 7). However, the specific mechanisms underlying pleural fluid accumulation are poorly defined because studies of MPE pathogenesis are limited by a lack of animal models that reproduce the pathobiology of human MPE. Although mouse models that require immunocompromised mice for propagation of human cancer cells mice have provided insights into the biological behavior of tumor cells in the pleural cavity (7-9), these models are not ideal because the host is immunocompromised, and, therefore, the host immune response is attenuated or missing. The immune response against tumor may be an important component in the development of MPE because host inflammatory cells may contribute to or regulate the production of mediators that affect pathogenesis (10).
morbidity (6) . Therefore, there is a need to develop novel treatment methods based on a better understanding of the pathobiology of pleural fluid accumulation.
It is generally believed that disruption of the endothelialmesothelial barrier, increased capillary permeability, tumorinduced angiogenesis, and lymphatic obstruction are responsible for the exudation of increased amounts of fluid into the pleural cavity (1, 7) . However, the specific mechanisms underlying pleural fluid accumulation are poorly defined because studies of MPE pathogenesis are limited by a lack of animal models that reproduce the pathobiology of human MPE. Although mouse models that require immunocompromised mice for propagation of human cancer cells mice have provided insights into the biological behavior of tumor cells in the pleural cavity (7) (8) (9) , these models are not ideal because the host is immunocompromised, and, therefore, the host immune response is attenuated or missing. The immune response against tumor may be an important component in the development of MPE because host inflammatory cells may contribute to or regulate the production of mediators that affect pathogenesis (10) .
Nuclear factor (NF)-B is a ubiquitous family of transcription regulatory proteins that affects a variety of cellular functions and influences tumor biology and host-tumor interactions. NF-B is activated by a number of tumor-promoting agents and is involved in the production of proteins that enhance cell survival and proliferation (11) . High basal NF-B activation is present in lung adenocarcinoma cells and human lung cancer, and inhibition of NF-B sensitizes tumor cells to apoptosis and the effects of chemotherapeutic agents (11) (12) (13) (14) (15) .
Lewis lung cancer (LLC) cells are derived from a spontaneously arising lung adenocarcinoma in C57B/6 mice. These cells are characterized by short doubling times in vitro and in vivo and aggressive biological behavior. They can be propagated in wild-type C57B/6 mice, giving rise to lung adenocarcinomas (16) (17) (18) . In these studies, we have developed and characterized a new murine model of MPE after instillation of lung adenocarcinoma cells in the pleural space of immunocompetent mice. We used this model to investigate whether the NF-B pathway in tumor cells is linked to MPE formation and progression of pleural carcinomatosis.
MATERIALS AND METHODS
Cell Line, Culture, and Transfection LLC cells were purchased from the American Type Culture Collection (Manassas, VA) and were cultured at 37ЊC in 5% CO 2 -95% air using Dulbecco's modified Eagle's medium 10% FCS supplemented with glutamine and 100 mg/liter penicillin/streptomycin.
A NF-B reporter plasmid (NF-B-enhanced green fluorescent protein-luciferase plasmid [pNGL]) was used for LLC cell transfection. pNGL contains eight decameric NF-B binding sites (GGGACTTTCC) and a minimal herpesvirus thymidine kinase promoter driving expression of an enhanced green fluorescent protein (GFP)-luciferase fusion reporter gene and a neomycin resistance cassette. After transfection of LLC cells with pNGL using Superfect (Qiagen, Valencia, CA), stably expressing clones were selected by addition of G418 (Mediatech, Herndon, VA) at a concentration of 800 g/ml medium for 10 d. The resulting cell population was screened for reporter expression by fluorescent microscopy, and multiple GFP-expressing colonies were selected, isolated, pooled, and subcultured using G418 at a concentration of 400 g/ml medium.
For intrapleural injections, pNGL LLC cells were harvested from culture dishes during log-phase growth using a 2-min exposure to a solution of 0.25% trypsin-0.02% EDTA, washed with Ca 2ϩ -and Mg 2ϩ -free Hanks' balanced salt solution, resuspended in PBS, and titrated using a hemocytometer. Cell viability was assessed using the cellular Trypan blue exclusion test before intrapleural injection. Only cell populations with Ͼ 90% viable cells were used for experiments.
Animal Model
C57B/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and inbred in the Vanderbilt University Medical Center Animal Care facility. All animal care and experimental procedures were approved by and conducted according to Institutional Animal Care and Use guidelines. Mice used for experiments were sex-, weight (20-25 g)-, and age (8-12 wk)-matched.
For intrapleural injection, mice were anesthetized by isoflurane anesthesia administered by a VetEquip V-10 anesthesia machine (VetEquip Inc., Pleasanton, CA). The skin overlying the anterior and lateral chest wall was shaved and disinfected, and a 5-mm-long transverse skin incision was made on the left anterolateral thoracic area at the xiphoid level. Fascia and muscle were retracted, and 1.5 ϫ 10 5 LLC cells suspended in 50 l PBS were injected into the pleural cavity through an intercostal space under direct observation. The skin incision was closed using continuous 5-0 Ethilon monofilament suture, and the animals were observed until complete recovery. The procedure was not associated with mortality or morbidity.
After 14 d, mice were killed by CO 2 asphyxiation (n ϭ 50), and blood was drawn from the retro-orbital veins (two additional animals were killed at Days 8, 10, and 12). Thereafter, the abdominal wall was cut down, and the viscera were retracted to visualize the diaphragm. Pleural fluid was gently aspirated using a 3-ml syringe, and its volume was measured with a 1000-l pipette. For histology, lungs were inflated with 10% neutral buffered formalin (volume ϭ 1 ml), explanted, and fixed in the same solution. Samples of the hemidiaphragms and the chest wall were also fixed in formalin for histology. To obtain normal pleural fluid from mice (n ϭ 5), a 30-l gel-loading pipette tip was inserted through an intercostal space to the posterior paraspinal sulcus immediately after the animals were killed, and pleural fluid was gradually aspirated.
Computed Tomography and Positron Emission Tomography Scanning
Computed tomography (CT) images were acquired on an ImTek micro-CAT II scanner (ImTek Inc., Knoxville, TN) using a tube voltage of 80 kVp and current of 500 A. A total of 360 projections were acquired over 360 degrees (600 msec exposure per projection), and the images were reconstructed on a 512 3 grid with 125 m isotropic voxel size. The positron emission tomography (PET) images were acquired using a microPET Focus scanner (Concorde Microsystems, Knoxville, TN). Twenty-minute PET scans were begun between 60 and 70 min after retro-orbital injection of 200-300 Ci of 18-fluoro-6-deoxy-glucose (FDG). Reconstructed PET images had pixel dimensions of (0.47 mm) 2 and 0.82-mm slice thickness. The PET images were acquired immediately after the CT using a common animal holder and with the mouse under anesthesia as described previously for the duration of the imaging session. The animal holder possessed four fiducial markers visible in CT and PET, which facilitated co-registration of the images using the AMIDE software package (The Free Software Foundation Inc., Boston, MA).
Surface Pleural Tumor Enumeration
Because pleural tumors were evenly distributed between visceral and parietal pleural surfaces, only visceral implantations were enumerated, excluding primary tumors at the injection site that occurred occasionally. Tumor implantations on the visceral pleura were counted by two independent readers under a dissecting microscope, and the average number was used for data analyses.
Histology
Mouse lungs, chest walls, and diaphragms were fixed in 10% neutrally buffered formalin for 24 h and 70% ethanol for 3 d. Tissues were embedded in paraffin, and 5-m-thick sections were cut, mounted on glass slides, and stained with hematoxylin-eosin. Alternatively, slides were coverslipped using low-fluorescence mounting medium and studied under fluorescent microscopy.
Biochemical Assays
Pleural fluid and serum glucose levels were measured using a FreeStyle blood glucose monitor (TheraSense Inc., Alameda, CA). Protein content was determined using the bicinchonic acid protein assay method (Pierce, Rockford, IL). Lactate dehydrogenase (LDH) was measured in 2-to 10-fold diluted pleural fluid and serum using the ADVIA-1650 (Bayer Diagnostics, Leverkusen, Germany) (range 120-220), and results were back-calculated to original volumes.
Cytology
Fifty thousand pleural fluid cells were used for cytocentrifugal specimen (cytospin) preparation. The slides were air dried, fixed in methanol for 10 s, and stained with modified Wright's Giemsa stain or counterstained with 4,6-diamidino-2-phenylindole and mounted in low-fluorescence mounting medium. Distinct cell types were enumerated as a percentage of cells on the slide (200 cells per slide were counted). The cytospins were also examined using fluorescent microscopy to discriminate cancer cells based on GFP expression.
Pleural Permeability Assay
Mice bearing MPEs (n ϭ 8, Day 13) and untreated mice (n ϭ 4) received 200 l of 50 mg/ml Evans' blue solution (total dose 10 mg) intravenously and were killed 1 h later. Pleural fluid and serum Evans' blue concentration were determined by measuring absorbance at a wavelength of 630 nm in comparison to standards of known Evans' blue concentrations.
ELISA
Serum and pleural fluid samples were assayed for TNF-␣, vascular endothelial growth factor (VEGF), monocyte chemoattractant protein (MCP)-1, and MCP-5 using commercially available mouse ELISA kits (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions (detection limits: 3.0, 5.1, 2.0, and 7.0 pg/ml, respectively).
Flow Cytometry
After hypotonic red blood cell lysis, pleural fluid cells were suspended in PBS 3% BSA, stained with phycoerythrin-Cy7-conjugated anti-CD11b antibody (Becton-Dickinson Pharmingen, Palo Alto, CA) at 0.1 g/10 6 cells for 30 min, and were analyzed by flow cytometry for GFP and CD11b expression using a FACS-SCAN automated flow cytometer (Becton-Dickinson, Palo Alto, CA). Flow cytometric data were analyzed using the WinMDI 2.8 software (J. Trotter, The Scripps Research Institute, La Jolla, CA).
Bioluminescence Imaging
For in vivo bioluminescence imaging, mice were anesthetized with isoflurane. The anterior chest wall was shaved, and 100 l of 10 mg/ml solution of D-luciferin (Biosynth AG, Naperville, IL) (1 mg total dose) was administered by retro-orbital injection. Mice were placed in a light-tight box under continuous anesthesia and imaged as previously described (19) (20) (21) . Bioluminescence imaging was performed 2 h and 4, 7, 11, and 14 d after pNGL LLC cell injection using the Xenogen IVIS cooled charged coupled device (Xenogen Corporation, Alameda, CA). Data were collected and analyzed using the Living Image v.2.50 (Xenogen) and IgorPro (Wavemetrics, lake Oswego, OR) image analysis software. A photographic image of the animals was first acquired. Subsequently, a bioluminescence image was acquired by integration of photon flux over each group of pixels (bin) in the field of view and graphically represented using an arbitrary pseudo-color scale ranging from 2 ϫ 10 4 to 10 5 photons/s. A 15-s acquisition time was selected to avoid saturating the camera, and the same imaging parameters (instrument defaults) and pseudo-color scale range were used throughout the experiments. Standard-sized circular regions of interest encompassing the murine chest were determined, and photon flux was measured over these areas.
For bioluminescence imaging of live cells in culture, standard 12-well plates were used. D-luciferin was added to the medium to a final concentration of 0.1 mM, and cells were imaged using the procedure described previously. Image analysis was performed as for in vivo imaging, but region of interest sizes matching the culture well area were used.
Adenoviral Vectors and Transient LLC Cell Infection
The replication-deficient recombinant adenoviral vector (Ad) type 5 was used. The adenoviral vector expressing a dominant negative inhibitor of NF-B (IB␣-DN), which represents a S36-40A mutant of the avian IB-␣ that cannot be phosphorylated or degraded, has been previously reported (21) . IB␣-DN is denominated "dominant negative" with respect to native IB␣ because it binds and sequesters cytoplasmic NF-B dimers in a nonreversible fashion. Adenoviral vectors expressing ␤-galactosidase (␤gal) and GFP were a gift from Dr. A. Powers (Vanderbilt University, Nashville, TN). Adenoviral vectors were propagated, purified, and stored at Ϫ70ЊC. LLC cells were infected in vitro at moi ϭ 500 for 24 h (these conditions gave optimal results during viral titration studies) and subsequently used for experiments.
Cellular Assays
cell proliferation assay and a LDH cytotoxicity assay were used to assess cell proliferation and death according to the manufacturer's instructions (American Type Culture Collection, Manassas, VA, and Pierce, respectively).
RESULTS
Intrapleural injection of LLC cells resulted in multiple discrete pleural tumors (8.6 Ϯ 1.0 per animal) and a MPE (mean volume 667 Ϯ 58 l) by 14 d. Pleural carcinomatosis was lethal: Prolongation of the experimental duration resulted in 100% mortality by Day 17. When 1.5 ϫ 10 5 LLC cells were injected, 100% of the animals yielded pleural effusions and pleural tumors (n ϭ 40). In contrast, injection of 5 ϫ 10 4 LLC cells resulted in incomplete penetrance (70% of mice had detectable pleural effusions, n ϭ 10). To evaluate the presence of pleural effusions and pleural tumors in the living animal, we performed CT and FDG-PET scans on a subgroup of animals at Day 11. Free-floating bilateral pleural effusions and pleural tumor foci were clearly visible on CT scans. Overlays of CT and FDG-PET images of a control Note the multiple intrathoracic sites of increased radiotracer uptake in the treated mouse that are absent in the normal mouse. These sites proved to be discrete pleural tumors at necropsy (single arrows) and areas of pleural fluid accumulation with associated tumor mass (multiple arrows). h ϭ heart signal.
mouse and a mouse at 11 d after intrapleural tumor cell injection are shown in Figure 1 . Tumor tissue showed increased radiotracer uptake on FDG-PET scanning in discrete areas in the thoracic cavity that corresponded to tumor foci and areas of pleural effusion formation (Figure 1, right panel) .
At the time of harvest (14 d), pleural effusions could be directly visualized through the diaphragm, often surrounding tumor foci (Figure 2A ). The pleural tumors were found to reside equally on the visceral and parietal pleura ( Figure 2B ). Histology confirmed that pleural tumors consisted of adenocarcinomatous cells growing on the pleural surfaces ( Figure 2C ). Larger pleural tumors formed bridges between the lung parenchyma and the thoracic cage and infiltrated neighboring anatomic structures, including lung, chest wall, mediastinum, and diaphragm (images not shown). Pleural tumors showed abundant new vessel formation ( Figure 2D ). No fibrous pleural adhesions were evident on gross examination.
Before analyzing the malignant pleural effusions, we evaluated the characteristics of pleural fluid in untreated C57B/6 mice (n ϭ 5) ( Table 1 Figure 2E ). The mean VEGF concentration was 88 Ϯ 52 pg/ml.
A summary of the physical, cellular, and biochemical characters of the MPEs in this model in comparison to pleural fluid obtained from untreated mice is presented in Table 1 . The pleural fluid appeared hemorrhagic but did not coagulate, and after centrifugation the supernatant was straw colored. By harvesting mice at serial time points (at 8, 10, and 12 d), we observed that MPEs formed gradually and that their red blood cell content increased stepwise (data not shown). Pleural fluid glucose levels and total protein levels in MPEs were similar to serum levels. LDH levels were elevated in comparison to matched serum values (Table 1) . Differential cell counts in MPEs revealed a mixed inflammatory infiltrate interspersed with malignant cells ( Figure 2F ). The inflammatory cell population found in the pleural fluid consisted primarily of mononuclear cells, with lymphocytes, neutrophils, and eosinophils appearing in smaller numbers (Table 1) . Mesothelial cells accounted for Ͻ 1% of cells in MPEs. Because mononuclear inflammatory cells were predominant in MPEs, we determined if this was associated with local production of monocyte chemoattractant chemokines. Indeed, pleural fluid levels of MCP-1 and MCP-5 were markedly elevated in MPEs (3,037 Ϯ 31 pg/ml and 1,996 Ϯ 204 pg/ml, respectively) compared with matched sera (136 Ϯ 15 pg/ml and 74 Ϯ 12 pg/ml, respectively). The high protein and LDH content of MPEs compared with matched serum values were indicative of vascular hyperpermeability. In addition, VEGF levels in MPEs were increased 20-to 30-fold over matched sera and pleural fluid or serum from untreated mice (Table 1) , implying local rather than systemic production of VEGF in the model. To determine whether MPEs in this model are characterized by increased vascular permeability, we measured leakage of Evans' blue dye into the pleural space. One hour after intravenous injection of 200 l of 50 mg/ml Evans' blue solution (total dose 10 mg) in mice bearing MPEs (n ϭ 8, Day 13), mean serum Evans' blue levels were 17.6 Ϯ 3.2 g/ml, and mean pleural effusion levels were 3.6 Ϯ 0.9 g/ml (26 Ϯ 9% of serum levels). In untreated mice (n ϭ 4), mean serum Evans' blue levels were 18.7 Ϯ 4.1 g/ml, and mean pleural fluid levels were 0.04 Ϯ 0.02 g/ml (Ͻ 1% of serum levels) ( Table 1 ). In MPE, the presence of Evan's blue dye, which binds avidly to albumin, implies substantial protein extravasation into the pleural fluid.
To track NF-B activation in LLC cells, we stably transfected cells with pNGL. In culture, pNGL LLC cells demonstrated high basal levels of NF-B-dependent reporter expression as assessed by fluorescence microscopy or luciferase activity (data not shown). Basal NF-B activity in LLC cells was not inhibited by confluent growth because bioluminescence emission was correlated with LLC cell number even at high cell densities in vitro ( Figure 3A) . GFP-expressing malignant cells in MPEs could be identified by fluorescence microscopy ( Figure 3B ). In addition, GFP-expressing cancer cells could be discriminated from wild-type LLC cells and from other pleural fluid cells and quantified using flow cytometry for GFP ( Figures 3C and 3D ). In MPEs, GFPϩ cells comprised 45 Ϯ 5% of total nucleated cells ( Figure 3D ). Less than 1% of GFPϩ cells were also positive for the mouse myeloid lineage marker CD11b, confirming that GFPϩ cells in the pleural fluid were tumor (pNGL LLC) cells (data not shown).
Stably transfected pNGL LLC cells exhibited NF-B-driven reporter transgene expression during intrapleural propagation, facilitating intravital mapping of tumor cells by bioluminescent imaging ( Figure 4A ). Bioluminescence imaging was done to detect luciferase activity stemming from LLC cells after intravenous injection of 1 mg of D-luciferin. At early time points (up to Day 10), focal areas of bioluminescence emission were identified in the chest; however, at later time points (after Day 10), diffuse light emission was detectable over the entire thoracic cavity. At early time points, light emission coincided with the presence of discrete pleural tumors, whereas diffuse chest light emission was observed with gradual accumulation of substantial volumes of pleural fluid. The time-course of pleural tumor NF-B activity as assessed by bioluminescent detection of luciferase activity was reproducible and approximated an ideal exponential curve ( Figure 4B ). Persistent NF-B activity in LLC cells in vivo was confirmed by fluorescence microscopy revealing green fluorescence of pleural tumors in contrast to the adjacent anatomic structures (see Figure 3B ). To determine whether NF-B activity during pleural cancer progression was associated with expression of NF-B-driven genes, we measured levels of TNF-␣ in the pleural fluid. We found a significant increase in TNF-␣ levels in MPEs compared with matched serum samples, whereas TNF-␣ was not detectable in pleural fluid or serum from untreated mice ( Figure 4C ).
In this model of MPE induced by intrapleural injection of pNGL LLC cells, we assessed the relationships between measures of tumor burden (pleural effusion volume and pleural surface tumor number) and integers of pleural tumor NF-B activity (percentage of GFPϩ cells in the pleural effusions and chest photon emission before animals were killed). The pleural surface tumor number correlated with pleural effusion volume ( ϭ 0.618, P ϭ 0.005) ( Figure 5A ). The percentage of GFPϩ cells (malignant cells with active NF-B) in the pleural fluid determined by flow cytometry correlated with pleural effusion volume ( ϭ 0.624, P ϭ 0.01) ( Figure 5B ) and pleural surface tumor number ( ϭ 0.648, P ϭ 0.007) (data not shown). Chest photon emission measured by bioluminescence imaging before animals were killed correlated with pleural effusion volume ( ϭ 0.628, P ϭ 0.004) ( Figure 5C ). These findings indicate that in the MPE model, measures of tumor burden were associated with NF-B activity in pleural tumors.
To assess the role of the NF-B pathway in regulating tumor progression and effusion formation in the MPE model, we inhibited NF-B activation in LLC cells by infection with a recombinant adenoviral vector expressing a dominant inhibitor (Ad-IB␣-DN) (21) . Expression of IB␣-DN in pNGL LLC cells resulted in decreased NF-B activity compared with cells infected with a control adenoviral vector as assessed by bioluminescent imaging ( Figure 6A ). These treatments did not affect LLC cell viability or proliferation in culture as assessed by trypan blue exclusion (data not shown), MTT cell proliferation assay ( Figure 6B ), and LDH cytotoxicity assay ( Figure 6C ) observed up to 120 h after infection. Despite sustained viability and proliferation, intrapleural injection of IB␣-DN-expressing LLC cells led to significant decreases in pleural effusion volume and pleural tumor formation at 14 d in comparison to LLC cells infected with a control adenoviral vector (Ad-␤gal) ( Figures 6D and 6E) . The cellular and biochemical characters of MPEs generated by injection of Ad-IB␣-DN-infected cells did not differ significantly from MPEs generated by control virus-infected LLC cells (data not shown). TNF-␣ levels in MPEs generated by IB␣-DN-expressing LLC cells were significantly lower than in MPEs generated by LLC cells infected with a control adenoviral vector, suggesting that LLC cells are responsible for production of some NF-B-dependent inflammatory mediators in this model ( Figure 6F) . VEGF, MCP-1, and MCP-5 levels were similar in MPEs induced by injection of IB␣-DN-expressing LLC cells or control LLC cells (data not shown). These findings indicate that NF-B inhibition limits pleural effusion formation by a mechanism other than altered VEGF or MCP production.
DISCUSSION
In these studies, we have characterized a model of MPE in immunocompetent mice that is similar in many aspects to human MPE. Like human MPE, MPEs in this model are exudates with high protein and LDH content relative to matched serum (1) . High levels of VEGF and monocyte chemoattractant chemokines, which seem to be produced locally in the pleural cavity in the mouse model of MPE, have been also found in MPEs in humans (22, 23) . Tumor growth in the pleural cavity triggers a host immune response, evident by a mixed inflammatory cell component in pleural fluid that is similar to the inflammatory cells found in human MPE. High VEGF levels in MPEs, new vessel formation within tumors, and increased vascular permeability are mechanisms postulated to be involved in human MPE pathogenesis and are all present in this mouse model of MPE (1) .
Using the pNGL LLC reporter cell line, we show that NF-B is active in LLC cells during intrapleural propagation. In the An important advantage of our model compared with existing models of MPE is that in our model the host is immunocompetent. This is important for several reasons. First, the model closely resembles human MPEs, which are characterized by an influx of inflammatory cells (3) . Second, the biological behavior of malignancies, including growth and metastasis, can be profoundly influenced by the development of a host immune response (24) (25) (26) (27) (28) . Third, inflammatory and other host cells can produce mediators, including VEGF, that affect formation of pleural effusions (29) (30) (31) . Therefore, the host immune response may be in part responsible for malignant pleural fluid accumulation. These issues are directly relevant for studies designed to investigate the pathogenesis and treatment of MPEs.
VEGF is a multi-potent molecule implicated in angiogenesis that may have an important role in MPE formation (32) (33) (34) . This cytokine can be produced by various cell types, including many tumor cells and activated macrophages (29, 33) . In addition to being a potent angiogenic factor, VEGF is a powerful inducer of vascular permeability (33, (35) (36) (37) (38) . Clinical studies have detected high levels of VEGF in human MPEs but not in corresponding sera, suggesting local production by tumor in the pleural cavity (22) . Moreover, in a model of MPE in which human cancer cells were injected intravenously into immunodeficient mice, VEGF was shown to be a main effector of MPE formation (7) . Although high levels of VEGF were identified in pleural fluid in our model, modulation of NF-B activity reduced pleural effusion volume independent of VEGF levels, indicating that additional factors can regulate effusion formation in an immunocompetent host. NF-B activity was evident in LLC cells during intrapleural tumor growth and can be used to visualize tumor progression in the MPE model. The NF-B pathway is a key regulator of proinflammatory gene transcription in many cell types, including cancer cells, and can affect tumor progression by influencing cell survival, tissue remodeling, and angiogenesis (10, 11, (39) (40) (41) . Our data indicate that NF-B activity promotes intrapleural accumulation of the proinflammatory cytokine TNF-␣; however, the specific NF-B-dependent factors that regulate MPE formation in this model are yet to be determined.
Bioluminescence imaging technology is applied to trace molecules and cells in vivo or to assess gene-specific transcriptional activity in cell-culture systems or in living animals (42, 43) . In these studies, we took advantage of basal NF-B activity in cancer cells to drive luciferase expression. Bioluminescent images could accurately predict the presence of pleural tumors, as confirmed by necropsy and histology, and allowed serial visualization of pleural carcinomatosis in the same animals. Thus, our reporter facilitated intravital mapping of tumor tissue in the living host.
MPE is a common problem for cancer patients, especially those suffering from lung cancer. Its treatment is not ideal, and novel therapeutic strategies are desperately needed. Because the pathogenesis of MPE is not adequately understood, further research is necessary regarding tumor-host interactions in cancerous involvement of the pleura. This MPE model provides some important advantages for future investigations. By providing reproducible end-points after predetermined latency, this model is a powerful tool to investigate the mechanisms and treatment of MPE. Using this model, we identified the NF-B pathway as one potential therapeutic target in MPE.
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